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RECOVERY OF MINERALS FROM U.S. COALS*

Nicholas E. Vanderborgh

Los Alamos National Laboratory
Los Alamoe, New Mexico 87545
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Projections show ;hat domestic coal will serve for the
majority of ener~ supplies during the next dacadeB. Thorough
chemical cleaning of this coal can be accomplished in long
residence time, slurry tranaport eysteme to produce high-quality
fuel product. Concurrently, mineral recovery from coala will
supplement existing ores.

This paper deacribw this concept and @vee preliminary
engineering considerntiona for mineral recovery dl~ringtraneport
operation.

*Tl~lllwork un:!;nlpl)ortr;tlby tho U.S. Department of ltnorgy.
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Introduction

Only a few decadea ago, coal served ae the major energy eource within
the United Statee and, once again to meet future energy needs, increased
coal production can readily come from large, proven domestic resources (l).
Clearly, that increaee in coal utllisai?.onmuet occur concurrently with
contirluedtechnoloff development eo that the firm national commitment to
protect the environment ie sustained. 3uring the la~t decadee, coal
technolow hae evolved over a broad front. Some current technological
approached to coal utilization probleme are coetly both in capital and in
operating energy requirements. Ideally, eysteme require acceptable capital
derumde and restricted aner~ consumption Curing operation. These factora
are hport=.t throughout the coal utilization cycle, including during
t-raneportatian.

Current coal technolo~
tion ayetema through several
ship large tonnagee of coal
may exceed the capacity limit
moved between production end
(2). For thie demonatratod

makee exteneive uee of exieting traneporta-
corridore. U.S. railroade and barge systems
and fuel oree, but expandnd coal production
of existing aystena. Coal now is aleo being
utilisation re~ione through slurry pipelines
$echnoln~ (3,4), the coal le firet ground.

The ground coal is admixed ,wfth a fluid to form a elurry which la pumped
to the mcrket aree. Slurry pipelines demonstrate considerable aavinga
both in capital expenee ‘(5), aa compared with new rail aystema, and
operating e.ier~p ae compared with current haulage energy demanda aa met
through diesel electric rail locomotives (6).

During the hat decadaa, attention haa been repeatedly focused on
eetimates of world-wide petroleum reserves (’7). Although petroleum de~nd
haa slackened temporarily, reserve eatmatea for the total quantib of
recoverable light crudea have not algillfi~~tly altered since Huhbert’s
reviawm Accompanying that real limit to petroleum supply ia a parallel
eituation In supply for ores of many important mlnerala (8). High grade
ores are in increasingly ehort eupply and several major ore types have
been extensively depleted (Figure 1) (9,10). These facta do IIfJ*euweat
that mineral production will be terminated momentarily. Rather, lower-
grade ores, both fuel ores end mineral ores, ❑uet now be addreaaed. To
some extent, the rendaeence in coal utilization reflects this trend:
coal.,a fuel of 10,000 Btu/pound la replacing petroleum, a fuo’1of 18,000
Btu/pound. Coal ae produced oontaina a suite of trace elements and ❑ino-
mineral oonatituente. These “impuritJ.ea,” although typically low in con-
centration, repre~ent a large tonnage duo to the fact that coa’1production
ie ao large. Theee mlnerala could not normally be con~idered ores except
for the f~ct that coal la now being pI luced.

Slurry pipeline ayatema offer promise for mineral prodhJctionduring
transportation by extraction of low-level minerala from coal (11).
Sepnrnting tkAee6minerala from the fuel components lenves a low-sulfur,
premium fuel product. Such “oleau” co,~lcould be burned in conventional
combustion faeilitiea with minimal environmental impact and requirements
for flue gae deeulfurlgation (FGD). Mineral recovery may contribute to
the total economic return for thitJey~tom; lt could well lead to a “new”

neoesanry for commerce and defer?no.

deacribea thin concopt and g~vmJ prellm~.nary en@neerlng
poesibilltioa of uNinR Iong-dlatnnce, 1011Hreuidence timo
as ayatoma for cheml.cal coml obnning.
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Figure 1. - Theme data, tabulated from U.S. Buraau of Hines, show the
frhction of world-wide, hiUh-Rrnde ore th~t haa been !ltilized(1975).

Coal an a MinerfllOre

Coal is a complex mixture of mirterala typen admixed with o c&rbon-
rich polymeric nwtrix. Analyaia of coal compoaitlon iq complicated since
high-quali~ coal ie frequently mixed with carbon-poor atrbta; consequent-
ly fwd coal may alternate between highl~ mlneraliued materia18, rather
like the surrounding rocker en~~ big)--carbon, low-’’ash” ~.t~ri~l, IAke-
wiee, mlninflmachinery at timee cuts Irlto~.hemine roof (back) Or floor?
thereby lowering coal qunlity. Requiting product coal Le of vcrying
quality, depending otrongly upon both the me~.mgeometry md mining oFora-
tion control. Coal that eewicee utilitiem ie blen4ed to yiald tm average
run-of-the-mine (ROM) ~terlal.

ROH coal.cnn be nhippd as it 111produced, or it can bo pronunaed to
improvo its tnchnol,oglcnlumefulnena, Coal preparation, i.e., cleaning
the cml to removo Lnorgnnlc conntituentn, hna had wide technological
dovn;oI]mont,but only llmlted deployment (12). At prenent, approximately
15~.of tho mmrly 600 mll.l,lon tonflor coal UUINImnunlly by the utility
I,nduntryis clennnd. (loner~ll,v,clonnlng in complotod only to a small
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degree. The rest ia burned aa producsd, and aubaequent chemical pro-
cessing ia used to remove pollutant from flue gasea, when required.
Pollutants result in the rrminfrom the minerale incorporated within the
feed coal. Considerable interest peroiata to extend coal cleaning tech-
nnln-iea due to 1) escalating prices for coal end for coal treneportation,
2) ~arent decreasing coal quali~ (as reflected in incresaing aOh con-
tent, due LO leee ael.ectivemining techniques and exploitation of lower
qualiq seam, and 3) capital intensive nature of FCi) eyetems and the
neceaaity for utilities to limit capital inveetmenta (12).

Coal c:leaningtechnologies exploit either phyeical or chemical tech-
niques. Physical cleaning relies on gravity reparation, froth flotation,
or magnetic ~eparation to segregate tho lees denne coal conatituente, euch
aa reletively pure organic “coal” (with a specific gravity under 1.5) from
leae pure coal containing or mixed with mineralized constituents, such ae
pyrite, FeS2, with a epecific gravity of 4.00 to 5.20.

Extensive wo=k hea explored coal mlueralogy (13,14). Mineral con-
ati. tuente vary widely in physical sise. Iron pyritoe, at times, are foand
as discrete lenses that neigh 8everal kilograms (14). On the other ex-
treme, diecrete mineral cone&ituente are distributed widely through coal
on a micro-scale. In fad, detaileti microscopic inveatigatione chow
❑icro-mineral pheeea at the limit of optical observation, smaller than
1 x 10-6 cm. Sirmllar cryethlline habito are evident for both large-
ecale and micro-scale conetituenta. Feed coale contain a wide range of
minerale and wide range of mineral content, from approximately 4 tO 30%,
dopending to a large extent upon the discrimination of the mining pro-
cedure end the nature of the coal seam.

Since coal containa 70% or higher carbon by weight, other mineral
type~ are not concentrated, for coal ie chosen a8 a carbon-rich mineral.
Thue, ❑ost elements found in ROM coal occur in lese concentration thn~
“average” cruetal abundances (15). Only rpecific elements of normally low
crustal concentration (namely boron, chlorine, selenium, end arsenic),
which are concentrated in coal because of geochemical proceeaea, have
highar average concentrations in coale than within the earth’s cruet. Of
course, enhanced mineral concentrations are apparent at the top and bottom
of a coal 9eam, but theee deviations are not apparent in ROM coal eemplea.
Thus, coal ia a low-grade mineral ore for most ❑etals of economic iLn-

portance. But the major cost of ❑inernl extraction noy be covered by
concument processing for fuel content, and FJpwcific seama may show
concentrations for higher-than-average values.

Table I lists data that de~cribe the elemerltalcomposition for two
coal types, “Eastern” end “Western” coals. The Eastern data repreeenta
avera~ea obtained fcr Appalachianand Illlnois Basins stenm conls and the
Weetern liste avera%es of several Rooky Mountain coala (1;1). Data were
chose!.to ~pi~ fuels that now serve aa utility mtocko. .’)atachow that
coals from the East are more highly mineralized than the I’ockyMountain
coals. This apparent variation in mlnernl content mny retiu!.t as much from
tha relative ease in aeparatin% oarbon-rich materiml.a froll the mining
environment ma flom my inherent diffarencon between coal typoe, for
Eastern seamo nre often thin and diHper~ed with minernl mtringnr~, while
Wostarn seams nre frequently mined an nurfnce opnrntic)n:~uti[imin~:th,lck
aems where aelectlcn la optimized.

I)ntn in Tnblo I nhow nv~Jorelements, tho~e In nvormgo concentration
of grmtor than 1%, minor elomentn, thong betwoorl500 nnd 10,OChJppm (l%),
und finall,y trmco olemontn, tho~o botwoon 10 nnd 500 ppm (1,3). Other dntn
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Table I. Elemental Composition of U.S. Utility Coals

Element——

Carbon
Oxygen
Hydrogen
Sulfur
Nitrogen
Silicon
Iron
Aluminum
Calcium
Chlorine
Potaesium
Magnesium
Sodium
Titanium
Arsenic
Boron
Barium
Brornine
Cerium
Chromium
Cohalt
Copper
Fluorine
M~gO.n(38(3
Molybdenum
Nickel
Phoaphoru~
Lend
Rubidium
Strontium
Uranium
Thorium
V~adium
Tantalum
Tungsten
Zinc
Zirconium

c
o
H
s
N
Si
Fe
Al
Ca
cl
K
Mq
Na
Ti
Ae
B
Be
Br
Ce
Cr
co
Cu
F
Mn
Ho
Ni
P
Pb
Rb
Sr
Ue
Th*

v
Ta*
w+

Zn
Zr

Eaezern Coal

71.0 %
8.1 $
499 %
3.0 %
1.3 $
2.6 $
1.8 $
1.5 $
0.57 %
0.16 $
0.21 $
0.050 %
0.050 %
0.070 $
20. ppm
76. ppm
1S0. ppm
14. ppm
’20. ppm
lg. ppLll
8. ppm
16. ppm
78. ppm
36. ppm
6.4 ppm
18. ppm
117. ppm
19. ppm
21. ppm
83. ppm
1.5 ppm
3.3 ppm
35. ppm
0.15 ppm
0.82 ppm

138. ppm
46. ppm

Western Coal

67.0 % \

17.0 %
4.7 %
0.760$ Uajor Elements
1.0 $ I
1.7 $
;.;3$%

1:70 % #
0.030 %
0.050 %

}

Minor Elements
0.140 %
0.140 %
0.050 $
2.30 ppm-
56. ppm
500. ppm
4.7 ppm
11. ppm
9. ppm
1.8 ppm
10. ppm
62. ppm
49. ppm
2.1 ppm
5. pp’n

1301 ppm
3.4 ppm
4.6 ppm

260. pnm
1.2 ),~ill
2.3 ppm
14. ppm
0.33 ppm
0.69 ppkli
7. ppm
33. ppm

Tr,.ceI!lementa
greater than 10 ppm
except as noted (*)

—.— —— .--.-.—. . .-—-—
I)ntnfrom Reference 7i3~l%stern cnal—reprnaon-$;nn nrithmntic avarngo
of AppnlNchinn end Illinoi[lhasine to dept-ctan average ROM produc[jdLn
the !Omtorn U.S., whi.w Western coal ia a composi.t~nverugn of sevornl
kICk Mountnln fued COn~a.

aotn (11.)nhow far more complete information on l,ow-lovoltruc~ elements
hut th~t level of detmil is not importont here. Moreover, neverml low-
IOVOI nlnmentn, thorium. urnnium, and tungsten, have baen included beaauee
of ohvioun technological interest, even thoupfithey occur in Iono average
col,cwltrhtionfithm 10 ppm. Mont of theoo metnl.ucould nst now he re-

nov+rod wt tham low concentrnti.onn. Nowever, goLd, at 1 ppm, I.Hthought
~}conomic nvon nt current (+conomiefl.

~orl~lidnrnbla oarll,er work concluded thnt particular ol.ernontmwer~
:11’locti,vclylncorporHtod I,ntocoal fractione (orgnnlc frnotlon~) end othere
W(1I’llcoml’{nodwith mlnnrnl, frac:ionn (16,17). Annoclntlonu wnrw thought



to involve specific chemical bonding, say, with the or~a.nic fraction.
Amociative correlations reeulted from trend~ apparent in coal washability
data. Clearly, gravity separation (physical coal cleaning) leada to dis-
crimination in uineral typee. For instance, dense particlea of pyrite
separate from leaa dense organic fractiona and some other sulfide minerals
tend to concentrate along with the sulfide-rich fractions (13). However,
these diatinctiona, rather like distinctions betveen sulfur types (18),
remain operational definitions baaed on quantitative performance. In fact,
more recent experience points to a ❑odel of coal as a mixture of organic
rich material with discrete mineral phases (14). The extent of mixing is
such that almple gravity separation cannot be entirely effective to sort
organic from inorganic fractiona. Extensive grinding, which la required
for increaaed reparation, lends to increaaed surface area and altered wet-
ting characteriatica. Physical coal cleaning, although highly developed,
therefore hae distinct limitation for thorough mineral separation (12).

Chemical removal of sulfur cont~.~inantafrom cor.1 hae been demon-
strated repeatedly. Surprisingly perhapa, sulfide mineral inclueiionain
coal are react;.veand readily att~cked through chemical action. Several
processes ueing chemical oxidative attack appear effective. For example,
proceaaea that utilize molecular ❑etal oxidants in conjunction with oxygen
in aqueous solution appear effective in removLn8 significant quantities of
sulfur (19,20). “Organic” sulfur is oxidized:

R-SH’+ 02 0 R(?) + S02

as la pyritic sulfur, perhapa to sulfate:

FeS2 + 02 + H20 = I’o++++ sO~ + H+

(These reactiona are not balanced since the mechanisms ~ro only poorly
understood; mmt likely a aeriea of proceaaea occurs.) Sybtems that util-
ize chlorine, molecular oxygen under either basic or acidic conditions,
high preaaure o~gen, or singlet o~gen (generated with an RF discharge)
attack sulfide minerala. Theee reactions are not rapid--temperaturea in
the vicinitx of l~”C for several houra are neceatiary. But sulfur ia
extenaivaly converted to potentially soluble forms with these chemical
cleaning procedures. The interesting queetlona raiaed by ine chemintry of
the~e technique, eaFecially why the oxidative prc~eaaea preftirentially
attack sulfur compounds end not carbon, remain unanswered. Some heating
value cnn be lost through formation of CC~ during theee oxidation
proceaaeti.

Far leaa work hae gone into u.nderatsndingreactiona of other accea~-
c},yminerals than during chgmical proceeaea. Yet Ilmlted ex,latingdatu
show dissolution behavior that gen~rally parallela sulfur dle~olution.
Mineral-release information resulted in the main from atudiea designed to
clari~ contaminant reloaae durinu coAl ntornge and from coal mining
refuse. Data au~aat that the acidic eolutiona, gar.sratedtYlovlythrough
pyrite oxidation of cual-water mixtures, are effective in chemical leach-
ing of much of the mineral ensemble in coala and coal waetea. Thene
renction conditions are utilized In chemical coal cleaning (13). (Similnr
highly mlneralined solutions cauae envlronmentul problems within mining
dietriota.) Although existing rnto dNtn concentrate on mineral relenso
into nqueouo nolutlon, maoa balanc~!ashow that removal of 50 to 75% of tho
total nmount of mnny trnce element~ c~n occur in -3/t3tnch conl in 24-40
hours (16). The trace element Aiasolution proceneeu nro ulow, caunod In
pnrt by thn inaccesanblllty of significant f’raotl,on~of’thu finely divided
mineral.nuiten Slnnllerpnrtic~e Et5$6 my anhmc~ the cleanlng procese; in



fact, removal optimization has not been explored. We auSgest that long
residence tiute,slurry-transport 9y9tems make that production of clean
fuel a technical possibility, for tramit times of two to three days are
commcn. Batch processing of such glox reactions would be prohibitively
expensive, especially for a high-tonnage, low-value material (on a weight
basis) as coal.

Slurry Trans~rt S~tems-- —. ...

Favorable economics for transporting solids in a fluid slurry have
been apparrnt for decad~a. A coFIl slurry pilot waa built in 1889 to
demonstrate coal-water tranaport (4). Existing slurry ayfltemahad genesis
in cohl cleaning technology wheue gravity separationa (physical cleaning)
were effected using coal-water mixtures. It became obvious that cleaning-
trmaport sy~teme could be combined, “finishing” the cleaning operation
through a dewatering step at the terminus, i.e., the power generating
atatior. Thus, tho idea of combining coal cleaning with coal tranepiirt
waa th~’ major initial commercial emphasia for coal glurry transport

systemu (4).

The firat commerci~l slurry line waa constructed by Pittsburgh
Consolidated Coal Company qnd waa completed in 1957 (4). This 108-mile
line was built in Ohio, connecting coal fields in southern Ohio to a
generating station next to Lnke Erie. The pipeline is fabricated of
10-~/4-O.D. steel pipe, buried 5 feet below the surface, that ia, below
the frost line. Velocity through the pipe is 4.5 feet/second (3.1 mJles/
hour). Another durry-caal line, 275 miles long and 18 inch in dianreter,
services the 1580-MW0 Mohave Generating Station in Nevada (~). Velocity
of this slurry trnnaport system is 5.6 feet/second (3.8 miles/hour),
resulting in a re~idence time of 72.4 hours.

l{ighvolume slurry pumps aro well developed for aervico in the pet..
roleum industry where such pumps deliver drilling muds (21). Becauae
pumping work increases with viscosity, engineering improvements lower
vicsot3ity slurrie:l by either increasing temperature, increasing the
solvent frfiction,or chan~infithe solvent to mother liquid that reeults
in a lesn wif3coUt3❑ixture (22). Connidernble experience shows that
alurrie~ nre stable over long times; various chemicnl ariliitivea can be

riddedto stnbilizt~the mixture when roquirqd (23).

For purponeflof illuntrntion,oonni,dert}!ooystem outline in Tabie II.
Thi.:!t,Im:iII:II)IIrli :Iy:ltcm ahip,q the rivorl~ge JWtern conl.des(rihd irlTable 11,
Llftet.OUi,t:l,?l,t! fljxill~, ZW milo:J--f!lOm t}l~? ~r~~iucillg ~Or’le to the generating

n tntion. l’rnn}~porti:)tlrough 24-inch pi.pclJnn, constru~;t~ldfinddesigned

Tnt)ln !’[. Slurry Trn)~:~vt Pi~jelineModel-...-—___ _____.-______ ____ __

FXHI)COA1,: Rlll]-Or-MirlO, nv~r:l~e ~m!kfjrn COA]/L~i Z(?(\ to pn.qn‘~~mo:lh

O1,IJNRYMr?(TllliJl:W4/li(lj(v/v) Conl/Wntot; :Ipocif’1.cgrmvi.ty ‘11.9 lb/ft3

P1Pl$:rJN l?: 24 Inch I. D., 200 mi.lf3:llong, II_l!lllllltijtl, lnrgr31y buried
lllldl!l”~l’mllld

I’IIAN!;POI{T::;lllrr’yl?.:’x 10:ftoN/hoIlr;1!(’+111.’1x 1,()5 k0n:3 /hour

:lIIH{VI”(!H FA(!’]’()]i: I’IINI1 I I1O [Jporut.i,l)tlg] ().() or y(mr$;mOvmI 101 torln/yo.lr

TI{AN:II’OIN’Vl?l,OCITY:‘;,’;f’(!(!l’/:l,?coll(!(’$.[1Inllo:l;llolll’)

...- . ..-. . . . . . . . . . . .--— _.___.—-.. ..-. . . _., .._. . . ,----



to transport 10,000,000 tons annually. This system, larger than those
mentioned above, has a design velocity of 5.5 feet/eecond (3.0 ❑iles/ hour)
and average coal particles have a residence time durind transport of 53.1
hours.

Chemical treetment of coals requires promotion of oxidative processes
under acidic conditions. Exposure of coals containing s’llfideminerals to
oxygenated water begins a series of reactions that generate conditions
sufficiently corrosive to attack ferraua materials. Current slurry prac-
tice dictates pH control for pipeline protection. Acidity is maintained
at a pH of 5.5 or higher through the addition of sodium hydroxide. Oxygen
is excluded, both at the initial elurry make up station and at pumping
stations positioned along-the pipeline. Thus, curent pipeline technology,
by desi.~n, maintains conditions to retard mineral dissolution.

Yineral Extraction Conditions.—

Existing data on coal mineralogy suggest that many of the accessory
minerals, those described by the elemental composition show in Table I,
are converted to soluble speciee in the iron (III) sulfate ~olutions
generated from pyrite oxidation. Although the mechanisms are still not
known, oxidation by Fe (III) is probably involved. Under suitable
conditions of chemical activi~ ar,d temperature, significant dissolutiofi
of sulfide minerals and leaa’erdia~olution of other associated minerals
occurs in 12 ilO~rs. Under enhanced chemical conditions, this reaction
time will be decreaaed. Thus, one pipeline section 20 miles (5.3 hours)
long can chemically clean feed coal under enhanced reaction conditions.
This section of the pipeline will be built of corrosion-resi~tant mater-
ials, perhaps steel pipe li;,edwith ceramic or pOlp9riC COatingS. The
location xhere coal cleaning ia accomplished is selected for suitable
conditions, especially water availabili~. During that step, ferric ion,
acid, and oxygen would be introduced in appropriate concentration. Then
after required residence time, mineralized solutions are flushed through a
counter-current extraction loop to separate sulfur and other minerals f’rom
coal. Water requirements for this chemical processing system may be
appreciable, although this uator budget may replace come water now used
during normal coal preparation, and power generation. Water management is
critical in slurry transport systems (3).

Ansumtng that this aygtem employs water-based slurry technolo~, the
nxtrfiction ptmflibilitiesare outlined in Figure 2. Acidity and redox
potenttulo nrc controlled atiparntelyto aet extraction conditions; t~ore-
Qver, these can bo varied along thi~ twctlon. Aqueoue acid~ or basea ~ire
added to ndjust pH, and ox,ygenor hydroflencan be added to the transport
.9yotem to c}l:mgn redox potentinln. Alternatively, electrochemical re-
nctionflvary conditions. Conditiorw can he chnnged to ar,y Iocua oc the
redox potential-acidity map (Figure 2). This eyutem is hounded: brieic
condition9 will procipitata iron oxideo and other metnl.nco-precipitate
wj.th~,n the l.ronoxide flocculent. Baalc condi.tion~, therefore, nro not
~uit~bl,e for dt~flclutionbut could be uned to !’“omoto sulfur remov~l.
Nogntivn redox potnntinl,n result in homogenoou: rerlucti. on oF motnllic

el.ement~~,nlter[n~ 10IIHinto lenn noluhl,e redox forma [Fe (11) ln~tend of
F()(T[[)]. T+urI, th~!Ilpper-left-handqundrnnt i~;on+] I,ni,tiul 10CIIS for
OXtl”HCtl,Otl [J1’OC(?n!l. ‘rho pipf?llne munt be dn:!i, gnod to :lurvlvn tho[le
[:(lntlltlonn.(I{nrd minernl. ~1, for lIRIt/IIICI? khn qIMIrtz L’rnt I Ion, ml~ht lJCI

:Iolllhl. lixfx! Inl klully under hnnl,c condl, tl, onu. T}I on , ui thouk thnt hur(l

cOmp Ofl[?fl t , r}rn:I ion prohlnmn mny he roducud /111d corro}llon prokocti,oil
:limplif’l,~ !.)
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Figure 2 - Solution ccnditiona suitable for extraction procecses. Any
location can be set on the pHl Eh diagmn for specific mineral extraction;
conditions can vary along the extraction aec:~on.

Following mineral extraction, coal is returned to neutral or reducing
conditions to protect the heating content for the reot of the traneport.
In addition, although thi~ WL1l not be diacuaaed in length, poa8ibilitie9
exist for chemical modif~cation of the residual hydrocarbon-rich fraction
into fonzs that are 1) more readily dewatered, 2) easily pumped into prem-
aurized ~ombuation or gaaifi~ation reactora, and 3) have a higher
BIW/pound content that the starting material.

The acidic, aqueous extract will Include coal finea along with the
mineralized solut!.on. Volume of the extracta must be minimized to
re~trict co~ta. One possible extraction scheme is shown as Figure 3.
Reactive aqueoua aolutiona, probably sulfuric acid, Fe (III), and oxygen,
are mixed into the slurry during transport through the “mineral removal
section.” The sulfur-ox~-gen reactiona are aufficientl.y exothermlc to
raiee proceaa temperature. (External heat eourcea may be required.)
Aft~r the requisite re~ldence time haa been met, the Bolvent extraction
chm.icala are fluahti through the slurry with counter-current flow.
Fcllowing pH or other ChanRee, the extraction protean is repeated to
effect additional recovery. Depending upon the chemical system chosen,
several solvent extraction processes may be required. The coal finee,
along with rejected anion apeclea (mainly sulfates), are then neutralized,
perhapa with calcium hydroxide or ~odium carbonate, md the precipitated
aludgn and coal fines are discarded. This diapoaal step parallele current
practice for dimpoaal of weete from coal preparation pla.ntaor from power
generation stntions (FCD).
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The cleaned coal tranaport continues tcuard the utilitY ~rket.
Finally, in the vicini~ of the generating station, waste ‘tihermalenergy
from that station is used to heat the slurry. At the terminus, yessures
are lcwered and the aqueous (or other solvent) fraction is evaporated,
leaving a suitable, clean fuel. for direct combustion or other uses. Ob-
VLOUSly, ~ter produced during this step has general utili~. Alternatives
re removtng uater with centrifugal drying or burning vet coal durry.

Uater recovery from slurries generates additional mineralized solutions
that wy require uaste water treatment before disposal. Direct combustion
of the wet coal may require derating of the boilers.

Economics of Chemical Coal Cleaning During Slurry Transport

Thie proposed system generates qutmtities of mineral ores suitable
for metal production. Although revenues from mineral operations contribute
to system profitability, the majori~ of economic benefits result from
coal transpost-coal cleafiingo~erations. This system primarily eervea as
a fuel transport device. Secondarily, economic benefits arise from ?uel
u~rading; a higher quality fuel is produced during the transportation
step. Mineral production ia flvershadowed by thene other coal-technoloa~
economics. Even so, as shown in Table III, significant quantities of
minerals could be produced annually from this model traneport syBtem.

t

Table 111 data show annual mineral recovery from 107 ton of cGal,
assuming a uniform 75$ yield for each element listed. Of couree, recover-
ies are dictated by extraction chemistry; most likely not all elements wiil
“Deremovti with this uniform efficiency. The highest tonna~e recovezy is
iron. Assuming 75% removal, annual iron production is 1.3 x 105 tons.
[If the ilalinc (Teble II)haaal-inch wall thickness, thel:ne requires
1.4 x 10!? tons of iron. Annual iron production is sufficient to build

Table III. Recovery from Coal c- Mctals Important for Commerce —

Element

Iron

Titanium

Chromium

Cobalt

Copper

Manganese

Molybdenum

Nickel

Uranium

Thorium

Vanadium

Zinc

Zirconium

Fi

Ti

Cr

co

Cu

Mn

Mo

Ni

u

Th

v

Zn

Ar

concentration

1.80 $

0.07 $

19. ppm

8. ppm

16. ppm

36. ppm

6.4 ppm

18. ppm

1.5 ppm

3.3 ppm

35. ppm

130. ppm

46. ppm

Short Tons Produced/Year—

1.3 x 105

5.3 x 103

143

60

120

270

48

135

25

262

1035

I’)ata{,saumea75$ recovery for n— mingle n~urry plpelino
-—.
transporting

10,000,000 ehort ton~ annually.

“1.1.



another similar pipeline.] Chromium yields, mnual recovery of 143 short
tons (small compared to U.S. consumption, Le IV), contrast weli with
the chromium required to manufacture a ne.. Ilavalvessel, euch aa the
liavy’anew destroyer-eecort series, 1.04 tons/ship (10). Thus, although
mineral economics ar. dominated by economic benefits occurring from coal
transportation,minerai production might be consequential when 1) nuineroua
transport-extraction lines are in place, and 2) supplemental mineral ores
are required.

Most likely, mineral prices will maintain trends aet during the laat
years. Tab?e V shows that gross revenue? for the mineral production
operation could be significant, assuming of course that production costs
are low and that one can reduce iron solutions to metallic forma with
favorable economics. “

Table IV. Domestic Consumption and Production of Selected Metals8~10—.

(1) (2) (3) (4)
Coal Production

Annual IJ.S. Total Annual (1)/(2) Total U.S.
l?lement Consumption ,World Production x 100 Consumption.—

Silver Ag 5.1 11.4 .45 0.07

Cobalt co 10.2 ‘ 35.8 .29 0.59

Chromium Cr 590.0 3168.0 .19 0.02

Nickal Ni 239.8 738.4 ● 33 0.06

Molybdenum Ho 33*9 108.4 .31 0.14

iii~bium Nb 3,3 12.o .28 nla

Titanium Ti 19.8 51.5 .38 >1

Tantalum Tn (3.6 0.4 1.50 >J.

Tung~ten w 11.3 52.4 .22 0.54

Data are thoua~s of short tons.
--

(3) Fraction of world production consumed

(4) Fraction of U.S. consumption poseibl.c
systemll(75% racovory).

in il.sm

TV,)m100 fllurry-trnllflP~rt

Tablo V. Example of Minornl Ilevonuonfrom Sl~I:,YTrnnuport Nocovory Sylltl:m—— .,.

Elament $/Lb. Annurl Ilovonue---.—- —— —-—-.-..—

Chromium Cr b,(x) $1.7 x 106

cow, t co 1,~.()(-j $ 1.’7 X ]06

Coppor (:11 1.’)~ $4.:5 x 1.04

MoIylhionum M() 1.‘1.00 $1.3 x d’

Nickel NI 2.00 $ (i,’ix lob

III-WIIum [J ‘5~.()() $ ‘1.1’)x lo’)

1roll ]i~l] ().()’; $ “5.l:J x !@

. _—..—---- _ --— ..--...— ------.......--— -----........-.....----.—-.-----

l;,

)



Figure 4 contrasts two utility achemea that suggest why coal cleaning
can impact electrici~ generation economics. Both echemes show a
10,000,000 ton/year transportation system powering a large coal-fired
generation station. Significant capital and operating expense are re-
quired for FGD proceseee, neceaaary now to utiliee many U.S. feed coala.
Although modern coal preparation may help to lower overall capital coata
(3), mat existing physical coal clc~ning processes are not bufl’iciently
effective to eliminate etack gas cleanup. Coat estimtea for FGD eiyateme
exceed $400/kW installed generating capacity; thus, capitalization expenm,
for a FGD system (2000-MWe ctation) approaches one billion dollare.
Literature data show that chemical cleaning sould result in sufficiently
lower sulfur levels so “that many U.S. coaiO can be burned without FCD
syatema. T.le long re9idence time coal cleaning condition aet within a
elurry transport eyatem permit thorough cleaning--cleani~ 16 technically
feasible. The economlca of coal-derived electricity will reflect this
technology.

TranepGrt la a Becond ayatem coat advantage. Significant benefita
accrue with slurry tranaport compared to surface-wheeled ayeteme. Slurry
ay~tem conBkruction coata are less than half that of equivu~ant rail
aystemH, not counting the cock of rail rolling stock, usually capitalized
on other budgets (5,6). “Thus, elurry tranaport contributes to cost
benefits using the bottom achome in Figure 4.

t

Mineral recovery, assuming cu~rent economics, may not add significant
economic return to this slurry transport system. Costs may be exceeaive
and any operational difficulties will impede income generation from the
two tiportant items--sulfur reduction and coal traneport. Technologies
for mineral recovery from low-grade ores are still under development.
We cnnnot now project if minerals can be recovered followin~ diaaolution
from coal minerals, let alone if processing la economic. However, ever, if
mineral production only mhows ~rginally improved economics, the advan-
tage of mineral rsmoval for new coal technolo~ are of large iwport.
Coal without mineral contaminants should be far more useful. It is alao
time to develop improved technologies that addresa low-grade ores, espec-
ially if thoge ores are to become r~liable domestic sources for future
metal requirements. Idaally, theaa technologie~ can be coupled to coal
utilinntion, in waya that much of the development coeta are derivad
through improvements in the coal utilization cycle. TheA~,ao other low-
grnde minernl ores nrn exploited, for example Eastern cil shale, these
same extractor technologies may serve for mineral recovery from thesa
fUeis llawell an from coal. In the long term, production of matala may
indeed result from coal, much like ❑etal production (vanadium) from some
petroleum:].
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